Children's Health | Article
Leukemia is the most common cancer diagnosed in children < 19 years of age (Ries et al. 2003) . Several factors have been associated with increased rates of childhood leukemia, including ionizing radiation, Down syndrome, and certain inherited and congenital conditions (Little 1999) . However, known causes explain only a small fraction of all cases of leukemia.
This article was prompted by a recent cluster of leukemia cases occurring near the naval air station in Fallon (NAS Fallon), Churchill County, a sparsely populated area in western Nevada. From 1999 to 2001, 11 cases of childhood leukemia were diagnosed among children residing in Churchill County at the time of diagnosis. An additional five cases have been identified from 1997 to 2002 among children who were not residents at the time of diagnosis but who lived in Churchill County at some point before diagnosis [Nevada State Health Division (NSHD) 2003 ]. In the preceding 20 years, only one case of childhood leukemia was reported to the Nevada Central Cancer Registry among Churchill County residents (Moore et al. 2002) . This dramatic increase in the number of cases, the short time frame in which the cases were diagnosed, and the small population of the source area all highlight the unusual nature of this cancer cluster.
Initially hypothesized causes of the Churchill County cluster included chemical exposures such as jet fuel or benzene, drinking water contamination by a radioactive isotope or naturally occurring arsenic, population mixing, or a new infectious agent, potentially associated with the nearby naval air station (NSHD 2003) . Jet fuel has been associated with immune system effects in several studies (Harris et al. 1997a (Harris et al. , 1997b (Harris et al. , 2000 (Harris et al. , 2001 Jackman et al. 2002; Rhodes et al. 2003; Ullrich 1999) , and benzene, a minor component of jet fuel, has been associated with increased rates of leukemia in occupationally exposed cohorts (Hayes et al. 2001; Savitz and Andrews 1997) . The population-mixing theory holds that childhood leukemia can occur as a rare end result of some yet unknown infectious process, and large-scale mixing of urban and rural groups leads to increases in leukemia by allowing increased contact between potentially susceptible and infected individuals (Kinlen 1995) . In fact, large-scale movements of people into rural areas have been associated with increased rates of childhood leukemia in many studies (Dickinson and Parker 1999; Kinlen 1988; Kinlen and Hudson 1991; Kinlen and John 1994; Kinlen et al. 1990 Kinlen et al. , 1993 .
Churchill County is highly rural, with a population of 23,982 people in an area of 5,023 square miles (U.S. Census Bureau 2003a) . NAS Fallon lies within this county and conducts several large military training operations. Annually, approximately 55,000 military personnel visit NAS Fallon for training, each staying an average of 14 days (U.S. Navy 2002a). This large and rapid movement of military aviators and other personnel in and out of Churchill County, many arriving from a wide range of international locations, provides opportunity for the introduction of a diverse array of new infective agents.
The Centers for Disease Control and Prevention (CDC) has recently completed the first portion of a large cross-sectional investigation of the Churchill County cluster (CDC 2003) . More than 100 biologic measurements and more than 200 environmental measurements have been collected and analyzed. Despite this extensive testing, no obvious cause of the cluster has been identified. Further information on the CDC investigation and the cluster is available online through the Nevada State Health Division (NSHD 2003) .
The goal of the present analysis was 2-fold. The first was to evaluate the possibility that the Churchill County cluster could be attributed to random chance. The second was to evaluate whether other areas with military aviation bases have experienced increased rates of childhood leukemia similar to those occurring in Churchill County. As discussed by several authors, routine tests of statistical significance may not be appropriate in the post hoc analysis of clusters, because the specific location and time frame being assessed are defined by the cluster and are not set a priori (Neutra 1990; Neutra et al. 1992; Rothman 1990; Waller 2000) . However, an important feature of the Churchill County cluster was that many of the cases were diagnosed after the State of Nevada began its investigation in July 2000 (Todd 2001 ). Thus, the investigation of this cluster was not entirely post hoc. Because of this, an a priori hypothesis regarding increased leukemia rates can be tested by confining the analyses to the time period after the state investigation had begun.
Materials and Methods
Age-standardized incidence rate ratios (RRs) for childhood leukemia in Churchill County were calculated separately for the cluster as a whole and for the time period that only included cases diagnosed after investigation of the cluster had begun in July 2000. In both analyses, cases were defined as children 0-19 years of age with leukemia confirmed by bone marrow biopsy who lived in Churchill County at the time of diagnosis. For the cluster as a whole, an agestandardized incidence RR was estimated for the years 1999-2001. For the five cases diagnosed after the investigation had begun, an age-standardized incidence RR was calculated for the period beginning July 2000 and ending December 2001. In both analyses, RRs were estimated by comparing the observed number of cases with the expected number based on the most recent age-specific rates from the Surveillance, Epidemiology, and End Results Program (SEER). Population data in 5-year age groups for Churchill County were obtained from the 2000 U.S. Census (U.S. Census Bureau 2003a). Confidence intervals were calculated using the methods described by Breslow and Day (1987) , and p-values were calculated using the Poisson probability distribution model (Checkoway et al. 1989) .
Rates of childhood leukemia in counties with military aviation bases (base counties) were compared with rates in counties without military bases (nonbase counties) using all counties covered by SEER and the California Cancer Registry (CCR). These registries were chosen because they are the largest cancer registries in the United States and both provide readily accessible yearly cancer incidence data on a county level [California Cancer Registry 2000; National Cancer Institute (NCI) Rates of childhood leukemia in base counties were compared with those in nonbase counties. Analyses were performed for all types of childhood leukemia combined and separately for acute lymphocytic leukemia (ALL). In the first analysis, incidence RR estimates were calculated for four individual age groups (0-4, 5-9, 10-14, and 15-19 years) . Leukemia rates were estimated for all base counties combined by dividing the sum of all the cases diagnosed in the base counties by the sum of the age-specific populations of these counties. Yearly population estimates provided by SEER and CCR were used for these calculations. Similar calculations were performed to produce rate estimates in nonbase counties, and incidence RRs were generated by dividing the rate in all base counties combined by the rate in all nonbase counties combined. Poison regression was used to calculate age-adjusted RR estimates for all ages combined.
In the second analysis, incidence RR estimates were calculated for individual counties. This was done by dividing the rate in each base county by the rate in all nonbase counties. Incidence RRs were calculated by individual calendar year and for all years combined using the Poisson model.
In the third analysis, we attempted to evaluate whether the location of a military base in an urban versus a rural area may affect leukemia risks. This was done by grouping counties on population density, defined as the total population of the county divided by the area of the county in square miles using data from the year 2000 U.S. Census. Rural counties were defined as those with a population density of less than 200 people per square mile.
Several bases included in this report had closed or realigned during the years covered by the SEER and CCR registries (DefenseLink 1998). In our initial set of analyses, counties with closed bases were treated as base counties for the years the base was open but were excluded as either base or nonbase counties for the years the bases were closed. Although adverse health effects due to base-related exposures may have occurred after a base had closed, we felt this method was the most conservative because the latency of any potential effects was unknown. In addition, substantial changes in population could occur soon after a base is closed. This may involve not only military families but also on-site civilian employees and others who may be economically linked to the military base. If large numbers of people move out of an area where a base has recently closed, this could potentially bias our results. Regardless, we evaluated the impact of excluding closed bases by performing separate analyses where counties with closed bases were treated as base counties, regardless of the date of closure. Most bases had closed within 4 years of the final year covered by the CCR and SEER registries.
Results
The age-standardized incidence RR of childhood leukemia for Churchill County for 1999-2001 was 12.0 [95% confidence interval (CI), 6.0-21.4; 11 cases observed, 0.92 cases expected] compared with age-specific rates from SEER counties. The p-value based on the Poisson probability model was 4.3 × 10 -9 . The age-adjusted incidence RR using SEER rates for comparison for the time period after the State of Nevada began its investigation was 11.2 (95% CI, 3.6-26.3; 5 cases observed, 0.44 expected; Poisson p = 0.0001). One of the children in the Churchill County cluster was diagnosed with acute myeloid leukemia (AML), and 10 were diagnosed with ALL. In the analysis confined to ALL, the age-standardized incidence RR for Churchill County for 1999-2001 was 14.3 (95% CI, 6.9-26.3; 10 cases observed, 0.70 cases expected) using age-specific ALL rates from SEER counties for comparison. Table 1 presents a comparison of the Churchill County cluster with other well-known clusters of childhood leukemia. Tables 2 and 3 show the facilities included and excluded from the analysis of military aviation bases. Twenty counties, incorporating 22 military aviation facilities, were included as base counties. Table 4 shows the incidence RR estimates for childhood leukemia for counties with military aviation bases compared with counties without bases for all years combined for each registry. No increases in childhood leukemia were identified in any of the four individual age groups, or for all ages combined, in either the SEER or CCR areas. RR estimates for each individual county with a Environmental Health Perspectives • VOLUME 112 | NUMBER 6 | May 2004 military aviation base are shown in Table 5 . An elevated RR was identified for Bernalillo County (RR = 1.22; 95% CI, 1.04-1.41) using all nonbase CCR counties for comparison. In the analysis confined to base counties with low population densities, an increase was identified for ages 10-14 years in the CCR base counties compared with CCR nonbase counties (RR = 1.36; 95% CI, 1.02-1.83; Table 6 ). All other RR estimates had 95% CIs that included 1.0. Similar results were found in analyses confined to ALL. Incidence RRs for ALL were elevated for Bernalillo County (RR = 1.25; 95% CI, 1.04-1.50) and for ages 10-14 years for base counties in the CCR (RR = 1.39; 95% CI, 0.98-1.98) compared with CCR nonbase counties. In all other analyses of ALL, 95% CIs included the null.
As shown in Table 2 , nine bases included in this analysis had closed or were realigned an average of 3.25 years before 1998, the last year of CCR data. Incorporating these years had little impact on the results. For example, the relative risk estimate for 1988-1998 for ages 0-19 years in the CCR base counties compared with CCR nonbase counties remained at 1.01 (95% CI, 0.94-1.10) when the years after base closure were included in base county rate calculations. None of the eligible bases in the SEER areas had closed during the years covered in this analysis.
In the analysis of yearly RRs for each individual base county compared with all nonbase counties, the large majority of RRs were near 1.0 (data not shown). Several base counties had yearly incidence ratios greater than 3.0, but all of these involved three or fewer cases and all occurred in counties that also had yearly RR estimates at ≤ 0.5 in other years. For example, in 1997, Curry County had a 4.8 higher incidence of childhood leukemia compared with nonbase counties. However, this was based on only three cases, and one year later, no cases were diagnosed in this county.
Discussion
The recent cluster of childhood leukemia cases in Churchill County represents a 12-fold increase above leukemia rates in SEER registries. The probability that this cluster would occur by chance is 4.3 × 10 -9 , or about 1 in 232 million. Given that the U.S. population 0 to 19 years of age is 10,662 times larger than that of Churchill County (U.S. Census Bureau 2003a), we would expect a cluster of this size to occur in the United States by chance alone about once every 22,000 years. In contrast, the p-value for the cluster in Woburn, Massachusetts, the basis of the novel A Civil Action (Harr 1995) , was 0.0084 (Table 1) , or about 1 in 120 (Lagakos et al. 1986 ).
Importantly, the rate of childhood leukemia seen in Churchill County remained markedly elevated after the State of Nevada began its investigation. Thus, the elevated rates identified in this report are not based solely on post hoc hypothesis testing. Given these findings, it appears very unlikely that the Churchill County cluster was attributed only to chance.
No new cases have been diagnosed among Churchill County residents since 2001, although one former resident was diagnosed with leukemia in 2002. Thus, it appears that the cluster among Churchill County residents has spanned a period of 3 years. Table 1 shows a comparison of the Churchill County cluster with other well-known childhood leukemia clusters. By virtue of its large magnitude and short time span, the Churchill County cases seem to represent one of the most unique clusters of childhood cancer ever reported.
One of the goals of this investigation was to evaluate whether the large increases in childhood leukemia risks near NAS Fallon might have occurred near other military aviation facilities. In this analysis, no clear association was found between residence in a county containing a military aviation base and risk of childhood leukemia. Elevated RRs were identified in a few subgroup analyses. However, given the large number of analyses performed and the lack of consistent findings across subgroups, these elevations could be due to chance.
One strength of this investigation was the use of cancer registry data from SEER and CCR. Both registries provide a readily accessible source of incident cancer data for a wide geographic area and for a relatively broad number of years. Because of the lack of a nationwide cancer registry and current unavailability of county-specific data after 1999, we were unable to assess all military aviation facilities and unable to assess more recent effects. Despite this, the use of SEER and CCR data provided a relatively quick and simple, albeit limited, method of evaluating whether the elevated rates of childhood leukemia in Churchill County might be more widespread. A cause of the Churchill County cases has not been identified. The CDC has recently completed the first portion of a large cross-sectional investigation of the cluster area (CDC 2003) . Biologic samples collected from cases and controls, and the families of both groups, were analyzed for 16 metals, 31 nonpersistent pesticides and metabolites, 11 persistent pesticides, 36 polychorinated biphenyls (PCBs), 12 volatile organic compounds, and six viruses. Elevated levels of tungsten, arsenic, two chlorophenol pesticides, and 1,1-dichloro-2,2-bis(p-chlorophenyl)-ethylene (DDE) were found community-wide, but none were elevated in cases compared with controls. No association was found with Epstein-Barr Virus, human T-lymphotropic virus type-1, or other retroviruses. Levels of naturally occurring arsenic in the public water supplies of Fallon are about twice the current U.S. standard (Focazio et al. 2000) . However, these levels have been relatively unchanged over many decades and no clear link has been established between ingested arsenic and elevated rates of leukemia [Focazio et al. 2000; Moore et al. 2002; National Research Council (NRC) 1999] .
Population mixing has been hypothesized as a possible cause of the Churchill County cluster. In several studies, increased rates of childhood leukemia were found in areas experiencing large-scale population influxes. These areas include rural new towns, towns with large increases in commuting, areas with large numbers of military personnel or wartime evacuees, and areas with large numbers of migrant construction workers (Alexander et al. 1997; Kinlen 1995; Kinlen and Petridou 1995; Li et al. 1998; Stiller and Boyle 1996) . For example, in a study of 14 British rural towns newly developed in the period 1946 -1950 , Kinlen et al. (1990 reported relative risks of childhood leukemia of 2.75 (p < 0.01) for ages 0-4 years and 1.58 (p < 0.05) for ages 0-14 years. The large numbers of military personnel who come in and out of NAS Fallon each year would seem to provide ample opportunity for the introduction of new infectious agents. Approximately 55,000 personnel attend training operations at NAS Fallon annually, each staying an average of 14 days. In most studies of population mixing, the large influxes occurred just before periods when leukemia Environmental Health Perspectives • VOLUME 112 | NUMBER 6 | May 2004 a Age-standardized incidence RR for counties with military aviation bases using rates in all SEER and CCR (1992-1998) counties without bases as the respective referent group. b Age-standardized incidence RR for Churchill County, 1999 County, -2001 , using SEER registry data for years 1996-2000 as the referent group. and CCR (1992 CCR ( -1998 counties without bases as the respective referent group. b Age-standardized incidence RR for Churchill County, 1999 County, -2001 , using SEER registry data for years 1996-2000 as the referent group.
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risks were elevated (Kinlen 1995 In most studies of population mixing, relative risks have been near 2.0. In both post hoc and a priori analyses, the relative risk we identified for the Churchill County cluster is substantially higher than this. As discussed by several authors, one may find higher relative risks depending on the boundaries of time and space used to analyze a cluster. This can be especially true in post hoc analyses of known clusters because the specific region and time frame being assessed is typically defined by the cluster (Doll 1999; Neutra 1990; Neutra et al. 1992; Rothman 1990; Waller 2000) . For example, in an analysis of all parishes within a 10-km radius of a power station in Drax, North Yorkshire, United Kingdom, reported a relative risk of 1.5 based on 22 observed cases. However, in a post hoc analysis that focused on one particular parish with five cases, a relative risk of 7.9 was reported.
Another hypothesis that was proposed as a cause of the Churchill County cluster was exposure to JP-8 jet fuel, or benzene, a minor component of JP-8 (Carlton and Smith 2000; U.S. Navy 2002b). Several studies have shown that JP-8 can affect immune system cells and may be genotoxic, although no clear link has been established with leukemia in humans or animals (Grant et al. 2001; Harris et al. 1997a Harris et al. , 1997b Harris et al. , 2000 Harris et al. , 2001 Jackman et al. 2002; Rhodes et al. 2003; Ullrich 1999) . Benzene has been associated with AML and possibly ALL in occupationally exposed cohorts (Hayes et al. 2001; Savitz and Andrews 1997) . One of the Churchill County leukemia cases is AML; however, the remaining 10 are ALL, and the five cases among former residents are all cases of ALL (NSHD 2003) . Environmental exposures to benzene are typically well below those associated with leukemia risks in occupational settings (Duarte-Davidson et al. 2001) , and to date, no evidence of significant benzene or JP-8 exposure has been linked to the Churchill County cases (CDC 2003) . In addition, the high relative risks we have identified for Churchill County, combined with the lack of increased risks in other base counties with similar military related exposures, provides further evidence that a routine exposure specifically related to military aviation was not the cause of the Churchill County cluster.
In this analysis, we found no evidence that large widespread increases in the risks of childhood leukemia have occurred in U.S. counties with military aviation facilities. However, this investigation was limited in its ability to identify small isolated increases. One potential limiting factor was that the unit of exposure was restricted to the county level. If significant exposures were occurring near bases, it could be that only those children living in close proximity to the base, or those with a parent actually working on the base, were truly exposed. If so, any increase in leukemia associated with the base might be diluted by the cancer experience of the rest of the county. None of the counties with bases included in this analysis had a population or population density as low as that of Churchill County. However, many of the base counties we assessed were small enough that, on average, fewer than three cases of leukemia were diagnosed each year. In these counties, a substantial increase in cases, such as the eight new cases diagnosed in Churchill County in the year 2000, could have been detected by the methods used here. Three of the base counties we analyzed had individual yearly RR estimates above 3.0. However, all of these were based on few cases, and all occurred in counties that also had some yearly relative risk estimates ≤ 0.5 in other years. None of the base counties had RR estimates that approached those seen in Churchill County.
In this analysis, exposure was based on county of residence at the time of diagnosis. Migration of families in and out of the study area may have also limited our ability to detect effects, although in the United States, the rate of migration of families with children is low. According to data from the U.S. Census, only 6% of children 1-19 years of age move across counties each year (U.S. Census Bureau 2003b) . Military families likely move more often. However, in Churchill County, only three of the 16 total cases were from military families (NSHD 2003) .
We could not obtain detailed data on specific base activities or specific chemical exposures. Many of the exposures that occur near military aviation bases may occur at other facilities such as municipal airports, heavily industrialized areas, or nonaviation military bases. Including counties with these facilities among our nonbase counties may have biased RR estimates toward the null. We also did not have access to specific data on yearly troop movements at each military base. Although most military aviation bases have influxes of personnel from diverse locations, few appear to have the consistently high troop movements seen at NAS Fallon (GlobalSecurity.org 2003). Including bases with low rates of migration would have biased any effects related to population mixing towards the null and thus limited our ability to evaluate this hypothesis.
In summary, the cluster of childhood leukemia cases in Churchill County appears to be one of the most unusual childhood cancer clusters ever reported and may warrant further investigation. Our study of risks near other military aviation bases was limited to an evaluation of exposure based on county of residence, so specific exposures such as jet fuel and population mixing could not be precisely evaluated. However, we found no evidence of consistent associations between the risk of childhood leukemia and residence near other military aviation facilities and no evidence that the childhood cancer experience near NAS Fallon was much more widespread. Given the results of previous studies of population mixing, the large troop movements at many military facilities, and the far-ranging and diverse locations traveled by military aviators and other personnel, a more comprehensive study of population mixing in areas near military facilities may be warranted. In addition, several studies have shown that certain specific genetic changes play an important role in the development of leukemia (Greaves 1999) . Given the unusual clustering of the Churchill County cases, further in-depth analyses of tumor and nontumor genetics might provide evidence of a common link between these cases and insight into the cause of this cluster and the causes of childhood leukemia in general.
